Isopropylmalate dehydrogenase (IPMDH) is an enzyme in the leucine biosynthetic pathway. We isolated three IPMDH ORF sequences from Arabidopsis thaliana, and genes corresponding to these ORF sequences were designated AtIMD1, AtIMD2, and AtIMD3. Deduced amino acid sequences of the three genes contain a putative transit-peptide for plastidic localization. AtIMD1, AtIMD2, and AtIMD3 were able to complement a leu2 mutant of yeast, suggesting that these genes encode functional IPMDH. RT-PCR analysis revealed different tissue specificity of transcript accumulation for the three genes.
The branched-chain amino acids valine, leucine, and isoleucine are essential in mammals. In the food chain, these amino acids are mostly synthesized in plants and their contents are important indicators of the quality of human and animal diets. 1) In plants, valine and isoleucine are synthesized through two parallel pathways sharing four common enzymes, and the biosynthetic pathway of leucine branches off the valine biosynthetic pathway at the final intermediate, 2-ketoisovalerate ( Fig. 1) .
The genes coding for enzymes involved in the biosynthesis of branched-chain amino acids have been analyzed in several plant species. Genes encoding threonine dehydratase, acetohydroxyacid synthase, and ketoacid reductoisomerase have been isolated from tomato, Arabidopsis thaliana, and spinach respectively. [2] [3] [4] Genes encoding threonine dehydratase and acetohydroxyacid synthase are expressed predominantly in young leaves and flowers, suggesting that these amino acids are synthesized primarily in young developing organs. [4] [5] [6] In the leucine biosynthetic pathway, isopropylmalate dehydrogenase genes have been isolated from Brassica napus and potato, 7, 8) and recently isopropylmalate synthase genes were isolated from A. thaliana.
9)
But, unlike the case of the valine and isoleucine biosynthetic pathways, the organ-specificity of transcript accumulation of genes corresponding to the enzymes involved in the leucine biosynthetic pathway has not been well characterized.
In plants, the synthetic pathways of all three branchedchain amino acids are postulated to localize in plastids. Isotope experiments using spinach indicated that all three branched-chain amino acids from 14 C-pyruvate are synthesized in the chloroplast fraction. 10) Furthermore, all cloned cDNA corresponding to enzymes involved in the biosynthesis of branched-chain amino acids contained putative transit-peptide sequences for plastidic localization. [2] [3] [4] 7, 8) In yeast, enzymes for synthesis of valine and isoleucine and isopropylmalate synthase are found in the mitochondrial matrix, while the remaining enzymes for leucine synthesis are in the cytosol. 11) In contrast to yeast, the biosynthesis of all branched-chain amino acids in plants might occur in plastids.
The genome of A. thaliana has three regions that have sequence similarity with the B. napus IPMDH gene. 12) IPMDH is the third enzyme in the biosynthetic pathway of leucine, and has an NAD-requiring oxidative decarboxylation activity that converts 3-isopropylmalate into 2-ketoisocaproate (Fig. 1) . In the present report, we describe the isolation of IPMDH cDNAs, the function of their products, and the accumulation patterns of their transcripts.
Materials and Methods
Plant materials. Arabidopsis thaliana L. Heynh (ecotype Col-0) was used to isolate cDNA sequences of AtIMDs and for expression analysis of AtIMDs. A. thaliana was grown hydroponically in MGRL media 13) supplemented with 150 mM boric acid under longday conditions (16-h-light/8-h-dark) at 22 C.
Cloning of AtIMD ORF sequences. Total RNA was isolated from shoots of A. thaliana (Col-0) using an RNeasy Plant Mini Kit (Qiagen, Hilden, Germany).
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0 ) respectively (the restriction enzyme sites of BamHI and XhoI are underlined). These primers were designed from information of annotated ORF sequences in the TAIR database (Arabidopsis Information Resource: www. arabidopsis.org). The amplified products were subcloned into pGEM-T easy vector (Promega). The sequences of these clones were confirmed by DNA sequencing. These plasmids were designated pGEMAtIMD1, pGEM-AtIMD2, and pGEM-AtIMD3 respectively.
Complementation test. pGEM-AtIMD1, pGEMAtIMD2, and pGEM-AtIMD3 were digested with BamHI and XhoI, and the resulting ORF fragments of AtIMD1, AtIMD2, and AtIMD3 were cloned into the BamHI and XhoI sites of the pYES2 expression vector (Invitrogen, Carlsbad, CA). In these plasmids, AtIMDs were placed downstream of the GAL1 promoter. The plasmids were introduced into the leucine-requiring Saccharomyces cerevisiae strain BY4741 (MATa his3D1 leu2D0 met15D0 ura3D0), which lacks IPMDH (LEU2) activity. The empty vector was also introduced into BY4741 as a control. The transformants were tested for their ability to grow on a plate containing synthetic minimum medium 14) containing 2% galactose, methionine, and histidine without leucine, by streaking the colonies on the plates and incubating at 30 C for 4 d.
Quantitative RT-PCR. For analysis of transcript accumulation of AtIMDs, total RNA was extracted from several organs of A. thaliana using an RNeasy Plant Mini Kit (Qiagen). First-strand cDNAs generated by reverse-transcription reaction with oligo(dT) were used as a template. PCR primer pairs specific to each of the three AtIMD genes were designed based on the AtIMD ORF sequences. Quantitative RT-PCR was carried out with a Light Cycler (Roche Diagnostics). The specificity of their primer pairs was confirmed by the appearance of one peak in melting curve analysis with the Light Cycler and by a single band that has a predicted size in electrophoresis. The level of transcripts was shown as a relative expression level using elongation factor 1-(EF- 
Results and Discussion
IPMDH genes have been isolated from B. napus 7) and potato. 8) By BLAST search of the TAIR database using the nucleotide sequence of the B. napus IPMDH gene as a query, we identified three putative genes in the A. thaliana genome, suggesting that IPMDH consists of a small gene family. These A. thaliana genes homologous to the B. napus IPMDH gene were designated AtIMD1 (GenBank Accession no. NM121424), AtIMD2 (GenBank Accession no. NM106704), and AtIMD3 (GenBank Accession no. NM102856). ORF sequences of AtIMD1, AtIMD2, and AtIMD3 were amplified by PCR and the nucleotide sequences were determined. The deduced amino acid sequences of AtIMD1, AtIMD2, and AtIMD3 were 85%, 92%, and 85% identical with that of B. napus IPMDH, respectively (Fig. 2) . In order to estimate the subcellular localization of these proteins, we analyzed the amino acid sequences of AtIMDs for subcellular localization signals. The se- quence V/I-R-A/C-A is frequently found at the cleavage site in transit-peptides for plastidic localization. 15) This motif was perfectly conserved in all three AtIMDs (Fig. 2) . In addition, the predicted transit-peptide sequence of B. napus IPMDH has similarity with those of three AtIMD proteins (Fig. 2) . B. napus IPMDH has been reported to be imported into chloroplasts. 7) These putative transit-peptide sequences suggest that all three AtIMDs are localized in plastids. Recently, A. thaliana isopropylmalate synthetase, the first enzyme in the leucine biosynthetic pathway (Fig. 1) , has been predicted to localize in plastids. 9) There are no other IPMDH genes predicted in the genome of A. thaliana than the three genes described here, and all three carry the plastid localization signal. These facts suggest that the leucine biosynthetic pathway is localized in the plastids in A. thaliana.
The AtIMD ORF sequences were expressed in S. cerevisiae to test whether they complement the yeast leu2 mutant. LEU2 encodes functional IPMDH in S. cerevisiae.
16) The ORFs of AtIMD1, AtIMD2, and AtIMD3 were cloned into the pYES2 expression vector, as described in ''Materials and Methods''. The plasmids were introduced into the leucine-requiring yeast strain BY4741, which lacks IPMDH activity. As shown in Fig. 3 , all three constructs of AtIMD1, AtIMD2, and AtIMD3 conferred on cells the ability to grow on synthetic minimum medium lacking leucine, suggesting that all three AtIMDs are capable of complementing the yeast leucine auxotroph. All three yeast transformants on the leucine-lacking plate showed similar growth in our assay, suggesting that the three AtIMDs have similar activity. These results suggest that all three cDNAs isolated in this study encode functional IPMDH. This is the first report showing the existence of multiple copies of IPMDH genes in a plant genome.
In order to clarify the roles of each of the three AtIMD genes, we examined the organ specificity of the transcript accumulation. Total RNA was extracted from several organs of hydroponically grown A. thaliana, and cDNA was synthesized with the total RNA as a template. The level of transcripts from the AtIMD genes was analyzed by quantitative RT-PCR using genespecific primers. The results of triplicate experiments are shown in Fig. 4 . The transcripts from three genes accumulated at various levels in the organs examined (Fig. 4) . The relative accumulation of AtIMD1 transcripts was the highest in roots. AtIMD2 transcripts were found at relatively high levels in roots, flowers, and cauline leaves. AtIMD3 transcripts were detected mainly in flowers and cauline leaves. The three AtIMDs might differ in organ specificity. Among the three AtIMD transcripts, in all organs except for flowers, AtIMD1 transcripts were the most abundant and AtIMD2 transcripts were the minor ones. In roots, the level of AtIMD1 transcripts was about 20 times that of AtIMD2 transcripts (Fig. 4) . In flowers, AtIMD3 transcripts were the most abundant (Fig. 4) . But, in all organs examined in the present study, two to three genes were expressed at high levels, suggesting that leucine biosynthesis is active in all the plant organs examined.
In summary, we cloned three functional IPMDH ORF sequences from A. thaliana. All three AtIMDs are very likely to be localized to plastids, and there are no other IPMDH genes predicted in the genome of A. thaliana. These findings suggest that the leucine biosynthetic pathway is localized in the plastids in A. thaliana. by AtIMDs. S. cerevisiae strain BY4741 cells expressing AtIMD1, AtIMD2, and AtIMD3 cDNAs or the empty vector pYES2 were grown on synthetic minimum medium with leucine (A) or without (B) leucine at 30 C for 4 d. 
